Spin-polarized transport in ferromagnetic multilayered semiconductor nanostructures 
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The occurrence of inhomogeneous spin-density distribution in multilayered ferromagnetic diluted 
magnetic semiconductor nanostructures leads to strong dependence of the spin-polarized trans- 
port properties on these systems. The spin-dependent mobility, conductivity and resistivity in 
(Ga,Mn)As/GaAs, (Ga,Mn)N/GaN, and (Si,Mn)/Si multilayers are calculated as a function of tem- 
perature, scaled by the average magnetization of the diluted magnetic semiconductor layers. An 
increase of the resistivity near the transition temperature is obtained. We observed that the spin- 
polarized transport properties changes strongly among the three materials. 



Spin-polarized current and inhomogeneous spin den- 
sity are two elements to consider in Spintronics. During 
the last years the fabrication and characterization of di- 
luted magnetic semiconductor (DMS) nanostructures has 
rapidly evolved. In the particular case of DMS based on 
GaAs, GaN, ZnO, Si, and a few other semiconductors a 
ferromagnetic phase exists with transition temperatures 
near and even above room temperature Carriers in 

high concentration present in these systems play an im- 
portant role in the existence of the magnetic order. Fer- 
romagnetism has been shown to persist in some multilay- 
ered diluted magnetic heterostructures (MDMH), struc- 
tures with alternating non-magnetic and magnetic layers 
0, Q which produce an inhomogeneous spin polariza- 
tion density. In these MDMH the carriers come out of 
the ionized magnetic atoms acting as donors or accep- 
tors, even when some compensation mechanism occur. 
In such structures the states are spin-polarized and car- 
riers with distinct spin-polarization are scattered by the 
ionized atoms differently. Consequently, in the ferromag- 
netic phase MDMHs show both spin-polarized currents 
and inhomogeneous spin densities. 

We present a calculation of the spin-polarized trans- 
port properties of (Ga,Mn)As/GaAs, (Ga,Mn)N/GaN, 
and (Si,Mn)/Si MDMH as a function of temperature. 
The aim of this paper is to explore the interplay the 
presence of the magnetization and the spin-dependent 



scattering processes as temperature changes. We observe 
how conductivity, resistivity, and mobility for each spin- 
polarization are affected as the sample average magne- 
tization changes with temperature. It has been shown 
|5j that an inhomogeneity in the spin density of ferro- 
magnetic MDMH structures is responsible for the high 
transition temperatures observed. 

We start with a model assuming a heterostructure in 
which: (i) scattering centers occur only in certain layers, 
and they are the very source of carriers; (ii) these layers 
are separated by undoped spacers, ideally without any 
band mismatch; (iii) the carriers are assumed to be in the 
metallic regime; (iv) barriers represented by the potential 
l^mod in the growth direction are added to the layers, ei- 
ther to the spacers or to the doped layers, having their 
height modulated by some external parameter. Later we 
will relate them to the sample temperature. Carriers are 
attracted to the doped layers by the Coulomb interaction 
with the ionized impurities and are also affected by the 
confining potential represented by the parametric barri- 
ers. In the case of high carrier concentration a simplified 
model can be used to obtain the electronic structure as- 
suming that the charged impurities are substituted by a 
homogeneous background, in a kind of jellium model. 

The Hamiltonian of the motion in the z-direction re- 
duces to that of a free particle of effective mass m* 
plus terms due to the confinement, U m0( ^(z) and Vc(z). 
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FIG. 1: (a)EfFective magnetic barriers for holes with spins 
aligned (up) and anti-aligned (down) to the average magne- 
tization, (b) Modulation function for the potential barrier ex- 
tracted from the curve of the magnetization versus tempera- 
ture. Solid line after Ref0, dots after Reffl 

The latter incorporates the Hartree and the exchange- 
correlation terms of the carrier-carrier interaction, and 
the interaction carrier-background: 

[ ~2^S + ^od(^) + Vciz)]*n(z) = E n * n (z). (1) 

The subbands are parabolic and have their energy given 
by E n (k) = h 2 k 2 /2m* + E n , with k = {k x ,k y ). Eq.$$ 
and the Poisson equation are solved self-consistently. 

Next we calculate the in-plane transport relaxation 
time due to scattering by ionized impurities based on the 
linearized Boltzmann equation, as described in Ref.lQ). 
We neglect inter-subband transitions. The current is ob- 
tained by summing up the contribution of all occupied 
subbands, which behave as different conducting channels. 
The mobility of each channel is modulated by the barrier 
height, since it determines not only the Fermi wavevec- 

(n) 

tors of each subband, k F , but also the probability den- 
sities | v I'„(z)| 2 , affecting directly the form factor for an 
impurity located at z = Zf. 

/oo 
|*„(z)| 2 exp[-fc n (0)|z-z,|]), (2) 

where 8 is the scattering angle and we used k n (6) = 
2k F sin |. The inverse of the momentum relaxation time 
for subband n, using the screening form factor g s (q) as 
in Ref. 0, results in: 

1 2e 2 m*ni r 

- = 3 — -/ d0(l-cos0)x 

T n % K Jo 

[k n {6) + q 9s(k n (9))}- 2 1 dzg(z)g^ p (6, z), (3) 

where n is the dielectric constant, rij the ionized impurity 
concentration in each DMS layer, go — n s /ao, with n s 
representing the effective areal carrier concentration, ciq 
the effective Bohr radius, and g(z) equals 1 if z lies in 
the magnetic layer and zero otherwise. 

The in-plane transport of MDMHs can be mapped into 
this model. In mean field approximation an average mag- 
netization < M > of the magnetic layers provides a po- 
tential barrier which is ±75 meV for Gao.95Mno.05As at 



T=0 K, as shown in Fig. Free carriers are heavy 

holes. It has been observed that in MDMH structures 
the magnetization changes with temperature according 
to the curve shown in Fig. ^d. This curve is used here 
as a scale relating the temperature to the magnetic bar- 
riers. This Ansatz provides the dependence of the spin- 
dependent modulated potential U mQ( j L (z) in Eq.JTJ with 
the sample temperature. It contains the complete infor- 
mation about the magnetic part of the system. On the 
other hand, the calculation of the transport relaxation 
time depends on the concentration of ionized impurities, 
which is taken as equal to the carrier concentration. The 
limit T = is assumed for the equilibrium distribution 
in the linearized Boltzmann equation, but a finite T is 
taken as a parameter modulating the barrier height. In 
this sense, we define a normalized conductivity <j(T) /f(0) 
as the ratio between the conductivities resulting of the 
average magnetization at temperature T, and the maxi- 
mum magnetization obtained when T = 0. We can also 
obtain the fraction of the normalized conductivity com- 
ing out of spins aligned (up) or anti-aligned (down) to the 
average magnetization by summing up the contributions 
of the channels with equal spin polarization. 
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FIG. 2: (Ga,Mn)As/GaAs MDMH: (a) charge density distri- 
bution; (b) normalized conductivities and spin- polarization; 
(c) spin-polarized and total resistivities; (d) spin-dependent 
and total mobility. Total quantities are indicated by full lines, 
spin-dependent quantities by dashed lines with arrows indi- 
cating parallel ( j) or anti-parallel (J.) polarization. 

The calculations were performed for 
(Ga,Mn)As/GaAs, (Ga,Mn)N/GaN, and (Si,Mn)/Si. In 
each case we calculated (a) the areal charge densities 
as a function of the position in the z-axis for differ- 
ent temperatures; (b) the normalized spin-dependent 
and total conductivity together with the polarization; 
(c) the spin-polarized and total resistivities; (d) the 
spin-polarized and total mobilities. 
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FIG. 3: For (Ga,Mn)N/GaN, as above, using a logarithmic 
scale for the resistivity. 
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FIG. 4: Same as above for (Si,Mn)/Si 



The carrier concentration inside the DMS layers de- 
creases as the temperature increases, showing that the 
magnetic barriers compete with the Coulomb attraction 
due to ionized atoms at low temperature, but loses impor- 
tance as the temperature increases, as expected. Observ- 
ing Figs. Ufa), Eta) andQJa) we see that, in the case of 
(Ga,Mn)N/GaN the concentration of the charge density 
inside the DMS layers is almost complete, even at tem- 
peratures near Tc- For (Si,Mn)/Si the concentration is 
the weakest among the three systems. As a consequence 
of the strength of the magnetic barriers, carriers in 
(Ga,Mn)/GaN are completely spin-polarized even close 
to Tc- The polarization is weaker for (Ga,Mn)As/GaAs, 
and weaker still for (Si,Mn)Si. 

The conductivity for each spin-dependent channel de- 
pends not only on the transport relaxation time, but 



also on the density of carriers occupying the subband. 
We show in Figs. Htb)-^b) the normalized conductiv- 
ity, defined as a(T)/a(T c ). For (Ga,Mn)As/GaAs and 
(Ga,Mn)N/GaN, there is a remarkable difference between 
the conductivity for channels with spins up and down. 
For (Si,Mn)/Si, with full spin-polarization, the conduc- 
tivity is zero for spins up until very near Tq- The re- 
sistivities, shown in Figs|2Ic)-QJc), reflect the behavior 
of the conductivity. It is worthwhile to stress the fact 
that a hump appears near Tc, corresponding to the in- 
crease of the resistivity as the transition temperature is 
aproached. This behavior was observed in (Ga,Mn)As 
epilayers Q, and is a consequence of the change in the 
subbands population as the magnetic barriers decrease 
drastically when the transition temperature is reached. 
Finally, it is important to obtain the mobility, since it is 
directly related to the average velocity of carriers with a 
given spin-polarization. While the mobility in (Si,Mn)/Si 
is practically spin-independent, in (Ga,Mn)As/GaAs the 
difference is almost 30% for spins up and down. For 
(Ga,Mn)N/GaN we observe a kind of half-metallic be- 
havior, where carriers with spins up have very small mo- 
bility until very near to Tc , while carriers with spin down 
are metallic. 

Besides the fact that our calculation explains the hump 
in the resistivity near Tc , we have shown that the charge 
density and spin density inhomogeneities resulting of the 
effective magnetic barriers in MDMH can be used to pro- 
vide highly spin-polarized resistivity and mobility. Cer- 
tainly, spin-flip mechanisms as well as interaction with 
phonons must be included if a more complete treatment 
near the transition temperature is desired. However, we 
believe that MDMH are useful at a temperature range 
far enough from Tc to make our calculation realistic. 
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